the activation kinetics of these conductances are different, it is also possible to explain the occurrence of the outward-inward current sequences.
When we measured the current responses with inverted ionic conditions, i.e., with Cs ϩ inside and Na ϩ outside ( Figure 1C ), the anomalous responses were again observed, but occurred now in the potential range between 0 mV and ϩ10 mV. This was expected from the above assumptions. However, we were surprised to find that the current responses consisted again of an outward-inward sequence (see Figure 1C , ϩ 5 mV). This suggested that the monovalent ion distribution also had an influence on the gating of the two postulated conduc- showed frequent openings to a subconductance level (B) After replacing external Na ϩ by Cs ϩ , an outward-inward current (see Figures 2A, 3 , and 4), as has been described before sequence was observed at membrane potentials close to Ϫ6 mV.
for mutant NMDA channels in which the asparagines of Same cell as in (A).
both the NR1 and the NR2 subunits were replaced by (C) Internal Cs ϩ and external Na ϩ . Under these inverse biionic condiglutamines (Ruppersberg et al., 1993; Premkumar and tions, the outward-inward sequence was now observed close to ϩ5 mV. The cell is different from that illustrated in (A) and (B). Auerbach, 1996) . Since it was shown in the above stud- was used in the following experiments.
To test whether a differential monovalent ion selectivevoked by repetitive short (1.2 s) agonist applications, ity of the two conductance states could account for our and the holding potential was changed between the observations in the macroscopic current measurements NMDA pulses to construct current-voltage (I-V) rela-(see Figure 1) , single-channel i-V relationships were tions. When the same monovalent permeant ion species constructed under biionic conditions. We first used inwas present on both sides of the membrane (monoionic ternal Cs ϩ -and external Na ϩ -containing solutions. Recondition), the currents reversed close to 0 mV (Figure cords obtained at four different membrane potentials 1A). As expected, at the reversal potential the NMDAare shown in Figure 2A . Both conductances were easily induced current noise reached a minimum at which it distinguished at Ϫ60 mV and ϩ60 mV, and the main was indistinguishable from the background noise.
conductance state was also clearly measurable at Ϫ20 We then tried to determine the reversal potential under mV and ϩ20 mV. However, while openings of the subbiionic conditions. Figure 1B illustrates records obtained conductance level could be clearly distinguished at Ϫ20 with internal Na ϩ and external Cs ϩ for the same cell as in mV, they were undetectable at ϩ20 mV. This observation Figure 1A . As before, we first applied NMDA at negative suggested that the two conductance states had distinct potentials and then depolarized the membrane in steps reversal potentials. Indeed, when the single-channel to determine the current reversal. The current size inicurrent amplitudes were plotted as a function of voltage, tially decreased monotonically, but when a membrane it was found that the main conductance current (Figure potential between Ϫ10 mV and 0 mV was reached (Fig-2B , closed squares) reversed close to 0 mV and showed ure 1B), two anomalous properties became apparent.
an almost linear i-V relationship. The subconductance First, the currents were biphasic: a fast outward current current, however, showed a marked outward rectificawas followed by a slower inward current. Both compotion ( Figure 2B , open squares), and its reversal potential, nents changed with voltage, but in such a manner that which was estimated by fitting a polynomial function to it was impossible to find a membrane potential at which the data points, was ϩ15.6 Ϯ 3.5 mV (n ϭ 4 patches, a flat current trace could be observed. Second, the cur- Figure 2B ). rent noise during the NMDA applications was signifiSingle-channel i-V relations were next measured for cantly larger than the background noise, even at memthe inverse biionic case (internal Na ϩ and external Cs ϩ ; brane potentials close to the apparent reversal potential.
see Figure 2C ). Under these conditions, the reversal These observations are inconsistent with a single-conpotential of the subconductance state was Ϫ13.9 Ϯ 0.9 ductance system, for which the current noise should be mV (n ϭ 3 patches, Figure 2C ) more negative than the equal to the background noise at the reversal potential reversal potential of the main conductance state, which (see Dionne and Ruff, 1977) . However, the excess curwas again close to 0 mV. The subconductance i-V relarent noise can be explained if NMDA activates two (or tion was now inwardly rectifying. more) conductances that, under biionic conditions, have
Finally, the i-V relations were measured in symmetrical solutions of either Cs ϩ or Na ϩ . In the presence of different reversal potentials. If it is further assumed that (A) Examples of single-channel recordings under biionic conditions (internal Cs ϩ , external Na ϩ ). Note the absence of detectable subconductance-state currents at ϩ20 mV. The broken lines indicate the average current amplitudes for the sub-and main states obtained from amplitude distributions. (B, C) Single-channel i-V relations for the two biionic conditions with Cs ϩ and Naϩ. Open and closed symbols represent the sub-and the main state currents, respectively. Data points, which are average values obtained from four patches in (B) and from three patches in (C), were fitted by a third-order polynomial for the main state and a sixth-order polynomial for the subconductance state. The reversal potentials of the subconductance-state currents were determined as detailed in Experimental Procedures, and the resulting average values are indicated by arrows. For the subconductance-states, six data points at negative potentials (B) and seven data points at positive potentials (C) were also fitted by linear regression (broken lines). (D) Chord conductances in symmetrical solutions. Data for the case of Cs ϩ (open and closed squares) from one representative patch were fitted with third-order polynomials. Data for Na ϩ (at Ϫ60 and ϩ60 mV, open and closed circles) are average values from three patches. The lines connecting the data points for Na ϩ were constrained to pass through the axis origin. Chord conductances at Ϫ60 mV were 11 pS and 73 pS in Na ϩ and 60 pS and 100 pS in Cs ϩ for the subconductance-and the main conductance-states, respectively.
Cs ϩ , both the main and the subconductance states had These experiments show that under biionic conditions, the reversal potential of the main conductance is nearly linear i-V relationships, with chord conductances at Ϫ60 mV of ≈100 and ≈60 pS respectively, and both close to 0 mV, while that of the subconductance state is 14-16 mV more negative or positive, depending on reversal potentials were close to 0 mV ( Figure 2D ; open and closed squares). In the presence of Na ϩ , the values whether Na ϩ is inside and Cs ϩ outside, or the reverse. These results indicate, according to the Goldmanfor the chord conductances at Ϫ60 mV for the main and the subconductance states were 73 pS and 11 pS Hodgkin-Katz (GHK) voltage equation for the biionic case, that P Na /P Cs is close to 1 for the main conductance respectively (see Figure 2D ; open and closed circles), i.e., smaller than with Cs ϩ as permeant ion. state, whereas it is about 1.8 for the subconductance state. The difference of the reversal potentials provides patches with a total number of 5054 openings from the closed state to either one of the two open states, there an adequate explanation for the current noise observed in the whole-cell recordings near 0 mV under biionic were 2036 sequences of the C-M-S-C type, and only 66 sequences of the C-S-M-C type. Thus, the probability conditions (see Figure 1) . that a C-M-S-C sequence occurs was about 30 times larger than the occurrence of the opposite, the C-S-M-C Sub-and Main Conductance Gating Asymmetry under Biionic Conditions sequence, indicating a strong asymmetry in the sub-to main state gating. To find an explanation for the biphasic current waveforms observed in the whole-cell recordings under biThe gating asymmetry is also reflected by the relative occurrence of the six types of directly observable transiionic conditions close to zero current potentials (see Figures 1B and 1C) , we turned our attention toward the tions ( Figure 3B ; n ϭ 6 patches with internal Cs ϩ and external Na ϩ ). The finding that direct transitions were gating properties of sub-and main conductance states of the NR1Q channel under biionic conditions. observed between all of the three states indicates that they were linked via a cyclic gating mechanism. If the Figure 3A illustrates NMDA-induced single-channel openings with internal Cs ϩ and external Na ϩ at Ϫ60 mV. gating is at equilibrium (Lä uger, 1985; Richard and Miller, 1990; Colquhoun and Hawkes, 1995) , the product of the Inspection of the traces obtained under these conditions (see also traces in Figure 2A ) suggested that sequences rates going clockwise around the cycle should be the same as the product of the rates describing the counterof the closed-main-sub-closed states (abbreviated C-M-S-C in the following) occurred more frequently than clockwise cycle. As can be seen from Figure 3B , the product of the observed percentages of transitions desequences in the opposite direction (C-S-M-C). In six scribing the (less favored) C-S-M-C cycle is, on average, slightly reduced the asymmetry, but did not reverse it (see Figure 5 for summary). It can also be observed that 11% ϫ 5% ϫ 10%, whereas the product of the percentage of transitions describing the opposite cycle is in the second case (Na ϩ inside), the records obtained at positive potentials show a striking dominance of the 25% ϫ 21% ϫ 27%, and thus roughly 26 times larger. This analysis, performed individually for each patch, transitions between the closed and the subconductance state. gave a gating asymmetry ratio, J ϩ /J Ϫ Њ (Richard and Miller, 1990 ; see Experimental Procedures for definition)
We next performed a similar analysis for the monoionic conditions, i.e., with symmetrical concentrations of 33 Ϯ 8.6 (n ϭ 6 patches). This is a clear indication that under these experimental conditions, the gating of Cs ϩ or Na ϩ . Under these conditions, the asymmetry ratios were close to one (see Table 1 ). However, the mechanism was not at equilibrium.
The occurrence of gating asymmetry indicates an apmonovalent cation species had a pronounced effect on the sub-and main state gating. Thus, with Cs ϩ on both parent violation of the principle of microscopic reversibility (Lä uger, 1985; Richard and Miller, 1990; Col- membrane sides, openings to the main state were slightly more frequent than openings to the subconducquhoun and Hawkes, 1995). For this to occur, a source of energy must be coupled to the gating mechanism.
tance state (see Figures 4A and 4B ), whereas in the presence of Na ϩ , about 90% of all openings involved To identify this source of energy, we tested how the gating asymmetry was modified by changes in the ion the subconductance state ( Figures 4C and 4D ). This effect resembles that shown in Figure 3F (in biionic condistribution and by changes in membrane potential.
When the biionic distribution was changed to Cs ϩ ditions, at ϩ60 mV with Na ϩ inside), which suggests that the presence of Na ϩ on the internal side favors openings outside and Na ϩ inside, the gating asymmetry changed sign, but its absolute value was reduced (Figures 3D to the subconductance state over openings to the main conductance state. and 3E). For a total number of 5881 openings at Ϫ60 mV, there were now 342 C-M-S-C sequences and 854 Table 1 and Figure 5 summarize the values found for the gating asymmetry ratio under the four different ionic C-S-M-C sequences. The asymmetry ratio calculated from the relative occurrence of transition types was conditions with Cs ϩ and Na ϩ as the permeant ions and at various membrane potentials. As can be seen in Table  0 .36 Ϯ 0.17 (n ϭ 4 patches).
We then measured the asymmetry ratio of sub-and 1, the asymmetry ratio calculated from the ratio of the directly observed C-M-S-C and the C-S-M-C sequences main state gating at positive membrane potentials. The relative numbers of transitions observed at ϩ60 mV for (called J ϩ /J Ϫ *) is not significantly different from the gating asymmetry ratio obtained by multiplication of the the two biionic conditions are illustrated in Figure 3C (Cs ϩ inside, Na ϩ outside) and Figure 3F (Na ϩ inside, observed transition percentages (J ϩ /J Ϫ Њ). This is consistent with the hypothesis that the underlying gating proCs ϩ outside). In both cases, membrane depolarization cess is essentially an independent (Markovian) process. a full cycle will be terminated is large, and therefore the probability of occurrence of bursts with an even number Figure 5 shows (on a logarithmic scale) that inverting of events will also be large. The predictions of the model the ionic distribution inverted the gating asymmetry, but proposed in Figure 7B , with an asymmetry ratio of 20 inverting the membrane potential did not. The dots suunder these ionic conditions, are superimposed on the perimposed on the plot of Figure 5 represent the predicdistribution in Figure 6B . tions of a model that is presented in Fig. 7B and in the To assign realistic values to the transition rates in a Discussion.
minimal kinetic scheme that could account for the gating asymmetry (see Figure 7B and Discussion), we deter- Figure  6A ). The number of events per burst was counted, normalized to the number of single-opening bursts, and the distribution was displayed on a logarithmic scale. In symmetrical Cs ϩ , the number of events per burst decayed roughly exponentially ( Figure 6A ). In contrast, in the biionic case with internal Cs ϩ and external Na ϩ , the number of events per burst decayed in a double-steplike fashion ( Figure 6B) . Thus, the observed number of bursts with two events was close (83.5%) to that of bursts with one event (normalized to 100%), and the number of bursts with three events (9.4%) was close to the number of bursts with four events (10.8%). Such behavior is in fact expected if a strong gating asymmetry exists. Whenever an opening occurs, the probability that and text), The asymmetry ratio (J ϩ/JϪЊ) was calculated from the product of the observed transition rates. The data are from the same patches and the number of events per burst was counted. A total number of 3696 bursts from four patches was analyzed with Cs ϩ on both as those analyzed in Figures 3 and 4 , except for the data at ϩ60 mV in symmetrical Cs ϩ (three patches with 8551 transitions). The membrane sides (A), and 5054 bursts from six patches were analyzed with Cs ϩ inside and Na ϩ outside (B). Note the double-stepvalue at ϩ60 mV in symmetrical Na ϩ was not determined (n.d.). The error bars represent the logarithmic values of the relative error like distribution under biionic conditions (B). The predictions of the gating scheme shown in Figure 7B are superimposed as dots on (standard deviation) measured on a natural scale. The predictions of the model shown in Figure 7 are superimposed as dots.
the data points in (B). Sub-3.8 Ϯ 0.9 (3) 9.6 Ϯ 0.6 (3) 9.4 Ϯ 2.6 (5) 5.1 Ϯ 0.7 (4) Main 5.7 Ϯ 1.6 (3) 4.5 Ϯ 1.9 (3) 5.0 Ϯ 0.8 (5) 6.0 Ϯ 1.9 (4) Membrane potential, Ϫ60 mV. The values are those of the mean, the SD, and the number of patches analyzed.
Discussion
states that differ in their permeation and blocking properties, a fact that complicates the interpretation of whole-cell current measurements. We have studied the sub-and main conductance states of a mutant NMDA channel in which an asparagine resi-
The difference in the selectivity for Cs ϩ and Na ϩ between the sub-and main conductance states of the due in the NR1 subunit was replaced by a glutamine (NR1N598Q-NR2A). We have found that the two con-NR1Q-channel was apparent in reversal potential measurements as well as in the single-channel conducductance states have different selectivities for Na ϩ and Cs ϩ , and that the transmembrane distribution of these tances. However, whereas the reversal potential measurements indicate that P Na is equal to or larger than two monovalent cations is a key determinant of the gating of the sub-and main conductance states.
P Cs , the single-channel currents ( Figure 2D ) indicate an opposite order, i.e., ␥ Na is smaller than ␥ Cs . This behavior, which is especially marked for the subconductance Monovalent Cation Permeation through the Subconductance and Main state (P Na /P Cs was about 1.8, whereas ␥ Na /␥ Cs was about 0.2; see Figure 2D ), can be explained by assuming ion Conductance States Under biionic conditions with Na ϩ and Cs ϩ as permeant binding during the permeation process (see Hille, 1992) . More specifically, a simple symmetrical two-barrier oneions, the reversal potential of the main conductance state was close to 0 mV, whereas that of the subconducsite model based on Eyring rate theory can qualitatively explain the data. The model must assume that in the tance state was 14-16 mV more negative or positive for the two different biionic cases. This, to our knowledge, is subconductance state, the energy barriers are lower, but the well is deeper for Na ϩ than for Cs ϩ . Thus, Na ϩ the first direct demonstration that different conductance states of ligand-activated channels can have different enters the pore more easily than Cs ϩ (and thus, PNa/ PCs Ͼ 1), but it binds more tightly to the permeant ionionic selectivities. For most ion channel types, no difference in ionic selectivities has been found between differbinding site, which accounts for the smaller current flow. This model can also explain the rectification properties ent conductance states (see Fox, 1987 , for a review; but see also Chesnoy- Marchais and Evans, 1986) . In of both conductance states observed under biionic conditions (see Figure 2B and 2C). particular, in previous work on native ligand-gated cation channels in which subconductance states were studied under biionic conditions, the reversal potentials
Gating Asymmetry under Biionic Conditions
We have observed a strong asymmetry in the sub-to of the various conductance states were found not to be significantly different (Hamill and Sakmann, 1981; Cull- main state gating under biionic conditions with internal Cs ϩ and external Na ϩ . Under these conditions and at Candy and Usowicz, 1987; Howe et al., 1991) . The suband main conductance states observed in recombi-Ϫ60 mV, the probability of occurrence of a closed-mainsub-closed (C-M-S-C) sequence was roughly 30 times nantly expressed, wild-type NR1-NR2A channels (a 40 pS and a 50 pS state at 1 mM external Ca 2ϩ ; Stern et larger than that of the inverse sequence (C-S-M-C; see Figures 3 and 5). In inverse biionic conditions, an inverse al., 1992) probably also have very similar, if not identical, selectivities for Na ϩ and Cs ϩ , although there is no direct gating asymmetry, albeit less pronounced, was found. The monovalent cation distribution also had a strong evidence from single-channel studies.
On the other hand, the presence of conductance influence on the burst distribution ( Figure 6 ). The existence of gating asymmetry, together with the effects of states with different ionic selectivities is probably not restricted to the specific mutation studied here. In anthe monovalent ion species on channel gating ( Figure  4 ), is strong evidence for coupling between permeant other NR1-mutant channel, in which the same asparagine of the M2 region was replaced by a cysteine ion binding and gating in the NR1Q channel. The coupling of permeation and gating was also mani-(NR1N598C-NR2A), we also observed an anomalous current reversal under biionic conditions with Cs ϩ and fest in whole-cell recordings. Knowing the two different reversal potentials of the sub-and the main conducNa ϩ (unpublished data), indicating the existence of at least two conductance states with different monovalent tance state under biionic conditions (see Figure 2) , we can understand why, at membrane potentials between ion selectivities. Moreover, in mutant NMDA channels in which the homologous asparagine residues of both the two reversal potentials, a current noise persisted even when the mean current was close to zero. We can the NR1 and the NR2 subunit were replaced by glutamines, it has recently been shown that the sensitivities also specify the conductance states responsible for the fast outward component (see arrows in Figures 1B and for block by external Mg 2ϩ and Ca 2ϩ are different for the sub-and the main conductance state (Premkumar and 1C) observed in the same voltage range. Inspection of the single-channel i-V curves for the sub-and the main Auerbach, 1996). As these authors have pointed out, macroscopic current measurements from such mutants state under the two biionic conditions (see Figures 2B  and 2C ) suggests that the fast outward current activated will reflect the average behavior of two conductance by a pulse of NMDA had to be generated by the main state under recording conditions with Cs ϩ inside, Na ϩ outside, whereas for the inverse biionic case, it had to be generated by the subconductance state. Indeed, this corresponds to the preferred type of opening transitions observed in single-channel recordings: transitions of the C-M type dominated for the case of Cs ϩ inside, Na ϩ outside, whereas transitions of the C-S type dominated for the inverse biionic case (see Figures 3B and 3E) . Furthermore, it can be seen that the balance of the two opening transitions, C-M and C-S, is largely influenced by the ion species present on the internal membrane side: with Na ϩ inside, the C-S openings are favored, regardless of which ion was present externally (compare Figures 3E, 3F and 4D ). This suggests that in the closed state, the ion channel must be accessible to internal cations.
A Model Coupling Monovalent Ion Distribution to Channel Gating
The model shown in Figure 7B can predict most of our observations. The model is based on two central assumptions. The first is that an ion-binding site in the permeation pathway can hold a cation in all three conformational states (C, M, and S), and that the cation species bound to the site will influence the rates of the conformational transitions. Thus, the inner cycle of conformational transitions in Figure 7B , which connects the Na ϩ -bound states, uses different rate constants than the outer cycle, which connects the Cs ϩ -bound states. The second assumption is that in the closed state, the ion-binding site can equilibrate with the internal solution, whereas the open states are accessible from both sides. As a result, in biionic conditions, four open states may exist, but for This occupancy will in turn be controlled by membrane the bound forms and that can predict the data. It is assumed that potential (negative potentials will favor the external catin the closed state, internal cations equilibrate with the ion-binding ions) and by the energy profile encountered in the chansite, and that there is a rapid equilibrium between the Na ϩ and the nel by the permeant ion. As was seen above, Na ϩ must The working of the model can be followed in an examfor the conformational transitions were approximated as outlined in ple such as the biionic distribution with Cs ϩ inside and Experimental Procedures. Na ϩ outside, at Ϫ60 mV. The channel will open from C Cs and will have a slightly higher probability of opening to M Cs than to S Cs (kЈ6 Ͼ kЈ1). If the subsequent conformawill immediately lead to the replacement of Na ϩ by Cs ϩ tional transitions took place in the outer cycle of the on the binding site, which is assumed to be accessible gating scheme (connecting the Cs ϩ -bound states; see to internal cations. Thus, C Na will constitute an absorbing Figure 7B ), the initial asymmetry would soon be canstate from which the channel cannot reopen to S Na or celled out, because the values of the rate constants M Na , and the transition C Na -C Cs will in fact be irreversible. of the outer cycle obey the principle of microscopic
The gating asymmetry thus appears to be due to the reversibility. However, the Cs ϩ ions bound to the open fact that under biionic conditions, neither the outer nor states will rapidly be replaced by Na ϩ ions carrying the the inner cycle can be followed in a reversible fashion. inward current under these conditions. Therefore, the Our scheme may be regarded as a simplified case of subsequent gating transitions will take place in the inner the more general model proposed by Lä uger (1985) to cycle of the gating scheme. This cycle also satisfies the explain gating asymmetry in ion channels. Lä uger conprinciple of microscopic reversibility if there is only Na ϩ sidered a single permeant ion species and assumed that on both sides of the membrane. However, if Na ϩ is not present on the internal side, the closing of the channel each conformational state (C, M, and S) exists in a free cases, glutamate (50 M) was applied on a background of 100 or in an ion-bound form. He further assumed that confor-M glycine. In outside-out recordings, patches were continuously mational transitions could occur between both the free perfused with 100 M glycine and with either 2 M, 5 M, or 10 and the bound forms (see Figure 11 from Lä uger, 1985) .
M NMDA. The presence of endogenous (background) channels
In our experiments, gating asymmetry was observed in was checked at regular intervals by applying a solution without biionic conditions, and a complete model would thereadded glycine or NMDA. Patches with a noticeable background activity were rejected.
fore have to consider the bound forms for two permeant
The recording solutions contained about 155 mM Cs ϩ or Na ϩ .
ion species as well as the unbound forms, leading to a
The Cl Ϫ salts of the alkali ions were used, and pH adjustments were total of nine states (see Figure 7A) . To keep the number done with the corresponding bases. For whole-cell recordings from of free parameters small, we simplified the general HEK cells, the composition of the solutions was as follows: intracelscheme by neglecting the unbound forms of the channel lular, 145 mM NaCl or CsCl, 10 mM HEPES, 5 mM EGTA (155 mM (see Figure 7B ). This seems justified by the finding that, Na ϩ or Cs ϩ after pH adjustment to 7.2); extracellular, 150 mM NaCl or CsCl, 10 mM HEPES, 0.1 mM CaCl 2 (154 mM Na ϩ or Cs ϩ after at least in native NMDA channels (Zarei and Dani, 1994) , The corresponding dissipative process is best perinternal Cs ϩ , external Na ϩ ).
ceived as two successive ion-exchange reactions occurring during one complete cycle. In the example of
Single-Channel Analysis
Single-channel recordings were low-pass filtered at 2 kHz with an the biionic distribution with Cs ϩ inside and Na ϩ outside, were idealized (see below), and the current amplitudes were estimated from the mean values of Gaussian fits to the amplitude distriExperimental Procedures butions containing between 500 and 1000 subconductance and main conductance events for each membrane potential. At voltages Experimental Preparation close to 0 mV, at which openings had a lower signal-to-noise ratio, The NMDA subunit cDNAs, which were provided by S. Nakanishi the traces were digitally filtered at 0.3-1.0 kHz before idealization, (NR1; Moriyoshi et al., 1991) and P. Seeburg (NR2A; Monyer et al., and the time limit for the detection of events was adapted to give 1992), were subcloned into a modified expression vector (pcDNA3; approximately two times the filter rise time. For graphic display, Invitrogen, Leek, Netherlands; see Kupper et al., 1996) . The asparatraces were digitally filtered at 0.5 kHz. gine residue at position 598 of the NR1 subunit was replaced by Single-channel i-V curves (see Figure 2) were constructed by first glutamine by use of the mutagenesis approach described previously determining the reversal potentials for the main states by third-order (Kupper et al., 1996) . The mutation was verified by sequencing polynomial fits. The resulting reversal potentials, which on average through the M2 region. Electrophysiological experiments were carwere ϩ1.5 Ϯ 1.6 mV (Cs ϩ inside, Na ϩ outside; n ϭ 4 patches) and ried out on three different mutant clones, which gave identical re-ϩ2.4 Ϯ 1.2 mV (Na ϩ inside, Cs ϩ outside; n ϭ 3 patches), were sults.
subtracted from all voltage values to set the main-state reversal Patch-clamp recordings were made at room temperature (20ЊC-potential to 0 mV. The reversal potentials of the subconductance 22ЊC) in the whole-cell and outside-out configurations (Hamill et current were then determined for each patch by fitting a fourth-, a al., 1981), by using an EPC-7 amplifier (List Electronic, Darmstadt, fifth-, and a sixth-order polynomial to the data, and by averaging Federal Republic of Germany). For whole-cell recordings, human the interpolated reversal potentials. No correction for liquid-junction embryonic kidney (HEK) cells were transfected with NMDA-subunit potentials was made, as these should not influence the reversal cDNAs, according to the calcium phosphate precipitation method.
potential difference between the main conductance-and subconFor single-channel recordings from Xenopus laevis oocytes (Methductance-state currents. fessel et al., 1986), NR1N598Q-NR2A channels were expressed after For kinetic analysis, single-channel traces were idealized by using injection of the corresponding cRNAs, which were prepared with a the half-amplitude threshold criterion implemented in the analysis synthesis kit (Ambion, Austin, Texas). Each oocyte was injected with software (Fetchan, pCLAMP 6). The time limit for the detection of 30-60 nl of a 0.2 g/l cRNA preparation at a nominal cRNA ratio events was set to 0.3 ms, which corresponds to approximately two of 1:3 (NR1N598Q:NR2A). The oocytes used for single-channel retimes the filter rise time at the cut-off frequency of 2 kHz. Open and cording showed glutamate (100 M)-induced whole-cell currents of closed time distributions were generated from the resulting event 2-5 A as assessed by two-electrode voltage clamp. Results were lists by the pCLAMP 6 analysis program. The analysis of transitions expressed as mean Ϯ standard deviation.
and bursts (Figures 3, 4 , and 6) was done by using the lists of the idealized traces that had been imported into a general-purpose data Drug Application and Recording Solutions analysis program (IgorPro, Wavemetrics, Lake Oswego, OR). Drugs were applied by means of a four-barrel perfusion system. A computer-controlled scanner motor (Laser Scanning Keiser, Stallikon, Switzerland) was used for fast displacements of the barrels.
Evaluation of a Kinetic Model
The model of Figure 7A is based on the idea that there are three Solutions were continuously flowing by gravity from at least two barrels. In many whole-cell recordings, HEK cells were lifted off the conformational states of the channel (C, M, and S), which all may exist either in bound forms with Na ϩ or Cs ϩ , or free. It is assumed bottom of the culture chamber, and NMDA (100 M) or, in a few that the rate constants of the conformational transitions are different most critical parameter for this calculation was the ratio k4/k5, which will set the probability of channel closure after a first opening to a for the different forms (see Lä uger, 1985) . The conformational transitions between the free forms, which are much less frequent than main state (the more frequent type of opening under these conditions). Further constraints on the choice of the rate constants were the transitions between the bound forms (see Discussion), have been neglected in a first approximation, leading to the simplified given by the observed open times (see Table 2 ) and by the relative frequency of openings to the subconductance or to the main conscheme of Figure 7B . The rate constants for the opening transitions (C-M and C-S) are given in relative units, because the absolute value ductance state under different ionic conditions. of the open probability is not known.
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